In maize (Zea mays) roots, xylem water transfer supported by root pressure occurs during the day and is less important at night. Diurnal modifications of osmotic pressure gradient between medium and xylem could not explain the oscillation of water flux in young maize roots during the day-night cycle. We observed a high turgor pressure of root cortical cells associated with a high flux. In maize roots, ZmPIP transcripts oscillate during the day-night cycle exhibiting some characteristics of genes regulated by a circadian mechanism. The PIP protein level profile is different from the mRNA pattern. Moreover, ZmPIP1 and ZmPIP2 protein levels are differentially regulated during the light and dark period and in response to continuous darkness suggesting different roles for both classes of PIP. Finally, our results suggest that aquaporins from ZmPIP2 subgroup may contribute to root water transfer by cellular pathway that occurs during the light and the dark period of the day-night cycle.
Introduction
In plants, water movements play an important role in various physiological processes such as cell elongation and opening of stomata guard cells and also in nutrient and hormone transport. Roots may contribute to regulation of water transport across the plant by controlling water uptake, radial transfer of water in the different root tissues and its entry in xylem. During the radial transfer through the root, water flows by two distinct parallel pathways: the apoplastic pathway and the cellto-cell pathway. The latter is a combination of a transcellular pathway (through the membrane cells) and a symplastic pathway (via the plasmodesmata). During the day, under high transpiration conditions, it is generally accepted that hydrostatic forces drive the radial flow of water across the root and the apoplastic pathway is thought to be predominant. At night, when transpiration is low or null, it is admitted that the water flow occurs via the osmotic gradient builtup by a solute accumulation in the xylem. The water flow is negligible in apoplast, and under this condition, the cell-to-cell path is favored (Steudle and Peterson 1998) . The cellular pathway of water could be regulated by water channels. Different arguments were developed suggesting that aquaporins may contribute to water transport in roots. First, root water transport is sensitive to mercuric ions (Maggio and Joly 1995 , Quintero et al. 1999 , Gaspar et al. 2001 and mercury is able to block some aquaporins; second, expression of most aquaporin genes in the roots is modified by water-related stresses as salinity and drought (Sarda et al. 1999 , Smart et al. 2001 , Suga et al. 2002 , Katsuhara et al. 2002 and by ABA a phytohormone induced in response to water stress (Suga et al. 2002) .
Water channels (aquaporins) belong to the major intrinsic protein (MIP) family and have been identified in animals, plants, fungi and bacteria membranes (Tyerman et al. 2002 , Borgnia et al. 1999 . The plant aquaporins constitute a large gene family. Both in Arabidopsis thaliana and in maize, about thirty MIP genes have been identified (Chaumont et al. 2001 , Johansson et al. 2001 . Based on amino acid sequence, plant MIP genes are divided in four subfamilies (Chaumont et al. 2001 , Johansson et al. 2001 : the PIPs, normally localized in the plasma membrane; the TIPs, localized in the tonoplast; the NIPs (NOD26-like intrinsic proteins) and the SIPs (small basic intrinsic proteins). In addition, PIP subfamily is divided into two subgroups PIP1 and PIP2 (Chaumont et al. 2001) . PIP1 proteins examined for water transport activity in Xenopus laevis exhibit often a low or no activity and some of them facilitate the diffusion of small neutral solutes (Dean et al. 1999 , Biela et al. 1999 , Gaspar et al. 2003 . By contrast, all PIP2 proteins analyzed show a high water transport activity (Chaumont et al. 2000) .
Substantial progress has been achieved in the molecular and structural characterizations of MIP (Weig et al. 1997 , Daniels et al. 1999 ) and in their role in water transfer at cellular level with regard to the maintenance of water homeostasis (Kjellbom et al. 1999 , Ohshima et al. 2001 . However, little is known about the real contribution of aquaporins in water transport at tissue and plant levels. The RNA expression profiles of water channels suggest a possible role of aquaporins in water transport in different organs (Niemietz and Tyerman 1997 , Frangne et al. 2001 ) and in the multiple physiological processes involving water movement cited above (Sarda et al. 1997 , Hakman and Oliviusson 2002 .
In this work, we have focused on the study of the cell-tocell water flow dependent on osmotic gradient acting across the cortex, independent of transpiration and which could be affected by water channel activity. To determine the putative contribution of water channels to the regulation of cell-to-cell water transport in maize roots, we have examined xylem water flow characteristics and aquaporin gene expression at RNA and protein level for two consecutive day-night cycles. We have focused our attention on PIP the expression of which is highest in roots tissues. We have analyzed the expression of two ZmPIP1 (ZmPIP1-1 and ZmPIP1-5), two ZmPIP2 (ZmPIP2-1 and ZmPIP2-5). We have shown that all ZmPIP gene studied here are regulated at mRNA level with a circadian rhythm. ZmPIP protein expressions exhibited a regulation different from RNA expression. Comparison of sap flux and protein accumulation patterns suggests that ZmPIPs from class 2 might contribute to xylem water flow in roots. Results are discussed in regard to the contribution of aquaporins to root water flow and we re-examined the importance of the cellular pathway under light period.
Results

Xylem flux and osmotic gradient variations during day-night cycle
In order to characterize the diurnal transport of water through maize roots, we have measured the sap flow rate and the xylem sap osmolality during two consecutive day/night periods on detopped plant grown in hydroponic conditions. In addition, we have determined the osmotic gradient built up between xylem and hydroponic medium.
In standard conditions (16 h light/8 h dark), a day-night variation of xylem water flow rate was observed during the 48 h period (Fig. 1) . Sap flux increased rapidly at the beginning of the light period, reached a peak at 6 h and decreased thereafter to reach a minimum a few hours before the night period. A second peak started at the end of light period and reached its maximum at the beginning of the night period. Its amplitude was much lower than the first peak. By contrast, sap osmolality tended to vary in an opposite manner since it decreased during the first part of the day period, increased slightly during the last hours of the light phase and increased again during the dark period (Fig. 1) . According to Fig. 2 , xylem water flux was negatively correlated to the osmotic pressure gradient, established between the xylem and external medium.
Diurnal variations of cortical cell turgor
The turgor pressure was measured on the cortical cells of maize root plants using the pressure probe previously described by Gaspar et al. (2001) . Fig. 3 shows the values of turgor pressure in the second cortical cell layer measured in root harvested at the middle of the first and second light period (at 6 h of 9th day and 30 h of 10th day) and at the end of the first dark period (9th day); these points corresponded to highest and lowest xylem water flux. It might be noticed that the cell turgor is significantly lower at the end of dark period (0.32 MPa) than at midday (0.42-0.45 MPa).
Effect of light on induction of water transport
The light onset induced the water flow through the roots observed at the beginning of two consecutive light periods (Fig.  1) . Based on this observation, we have examined the effect of light suppression on xylem water flux. Continuous darkness was imposed after 6 d of a standard day/light culture conditions when the plants are 9 d old. After the both peaks of exudation usually observed in light and in night periods (samples 6 and 18, Fig. 4 ), continuous darkness led to a decrease of water flux until a complete cancellation, except a slight bump between 42 and 48 h. The fluctuation of sap osmolality during the first day (standard conditions) was approximately similar to that observed in Fig. 1 .
Diurnal transcript regulation of PIP genes
Under standard photoperiod, we have detected fluctuations in the abundance of ZmPIP transcripts (ZmPIP1-1, ZmPIP1-5, ZmPIP2-1 and ZmPIP2-5) and their variation occurred at the same time (Fig. 5A ). Among the four patterns, the oscillation of ZmPIP1-1 mRNA levels seems to be the less marked. The peak of the expression of the different genes occurred 2-4 h after the beginning of light period. After 6 h of light, the abundance of transcripts declined rapidly. A low level was maintained during the second half of the light period and during the beginning of night period (samples 12-22 h and 36-46 h). The peak-to-peak period was approximately 24 h. The increase in ZmPIP transcripts accumulation anticipated the light signal since it started at the end of the night period (samples 0, 24 and 48 h). The effects of light suppression on diurnal mRNA accumulation were also assayed. Roots of maize plants grown under standard conditions (16 h light and 8 h dark . Maize roots were harvested at midday of 9th (L9) and 10th day (L10) and 30 min before light-on of the second day (D9). L9 and L10 correspond to 6 h and 30 h in Fig. 1 . Turgor pressure was measured using a pressure probe as previously described by Gaspar et al (2001) . Turgor values are statistically different when letters on the graph are not the same (P = 0.05). photoperiod) and subsequently maintained in darkness at the end of the 10th day exhibited a persistence of diurnal oscillations of the four ZmPIP mRNA (Fig. 5B ) which were roughly similar to that obtained in standard conditions. However, the oscillation magnitude was greatly attenuated during the second day of darkness except for ZmPIP1-5 (compare sample 0, 2, 4, 6 with 48, 52 and 54). In addition, the period seems to be slightly longer than in standard conditions.
ZmPIP protein patterns
To determine if ZmPIP protein levels were directly related to mRNA levels we have examined the relative amount of ZmPIP from class 1 and from class 2 using two specific antibodies of each class. Both antibodies were obtained after immunization of rabbits with synthetic peptides corresponding for ZmPIP1 to N-terminal polypeptide sequence of ZmPIP1-1, which sequence is absent in ZmPIP2 polypeptides, or with peptide corresponding to internal sequence of ZmPIP2-5. This sequence is specific of ZmPIP from class 2.
The anti-ZmPIP1 and anti-ZmPIP2 antibodies specifically react with isoforms of the ZmPIP1 and ZmPIP2 subfamily in maize, respectively. ZmPIP1-1 antibody recognizes ZmPIP1-1, ZmPIP1-2, ZmPIP1-3, ZmPIP1-4, ZmPIP1-5 and perhaps ZmPIP1-6 (Fig. 6A ). Antibody against ZmPIP2 subgroup may immuno-react with ZmPIP2-1, ZmPIP2-3, ZmPIP2-4, ZmPIP2-5, ZmPIP2-6 and possibly ZmPIP2-2 but not with ZmPIP2-7 (Fig. 6B) .
The detection of ZmPIP1 and ZmPIP2 forms in maize roots was assayed by western blot analysis. A single band was detected slightly lower than 30 kDa in maize roots (Fig. 7) . Fig.  7 showed also that ZmPIP polypeptide amounts in maize roots Fig. 7 Western blots of maize root proteins probed with anti-ZmPIP1 and anti-ZmPIP2 antibodies. Total proteins (15 mg) isolated from maize roots grown in standard conditions were separated on SDS-PAGE and were analysed by Coomassie blue stain (CBG) and by western blotting. Lanes D9 correspond to proteins isolated from roots harvested before the end of night period of the 9th day. Lanes L10 correspond to proteins isolated from roots harvested 4 h after light-on of the 10th day. D9 and L10 correspond to points 24 and 28 h of Fig. 1 and 5A. Molecular size markers (kDa) of the standard are indicated on the left of the figure. ZmPIP2-7 (AF326496) . Synthetic peptide sequences to raise antibodies against ZmPIP1 and ZmPIP2 subfamily are boxed.
are higher 4 h after onset of light than at end of night period. As a single band was detected on western blot, the fluctuations of protein ZmPIP were quantified by western dot blot of total protein extract (Fig. 8) .
ZmPIP1 and ZmPIP2 polypeptides were detected from total proteins isolated from roots of plants grown under 16 h light/8 h dark photoperiod followed by continuous darkness and harvested every 2 h. In standard conditions (16 h light and 8 h dark), ZmPIP1-related protein level exhibited a complex pattern (Fig. 8A) . The relative content of these proteins fluctuates during the day period and the minimal abundance was obtained during the first part of the night (between 16 and 20 h). ZmPIP1 protein accumulation seems to start before the end of the night (see 22 and 24 h). Continuous darkness (Fig.  8A ) applied after standard culture conditions, induced an accumulation of ZmPIP1 protein (for example compare 4 h with 28 h and 52 h or 8 h with 32 h and 58 h). Some features of diurnal pattern of accumulation were preserved; for example, minimal content observed 6 h after the light-on was conserved when continuous darkness was applied (see 6 h, 30 h and 54 h on Fig. 8A , note that point 50 h is missing) and ZmPIP1 content was minimal during the first half of the night period (see time 16 h to 20 h and 40 h to 44 h) and increased slightly during the second half. Five mg of proteins were spotted on nitrocellulose sheet and the membranes were submitted to immuno-analysis using anti-PIP1 and anti-PIP2 antibodies. The immuno-reactive protein spots were quantified using NIH Image freeware. Then, the relative amounts (RA) of ZmPIP1 (A) and ZmPIP2 (B) proteins were calculated giving the value of 1 to the first sample. Each point represents the mean of three replicates ± SE from the experiment presented in Fig, 4 . White and gray boxes indicate day and night periods. Fig. 8 ). The analysis of linear regression was significant (P <0.01) only between ZmPIP2 amount and water flux in roots (Q).
Fig. 10
Assays for ZmPIP2-5 water permeability in Xenopus oocytes. Oocytes were injected with 50 ng of ZmPIP2-1 or ZmPIP2-5 cRNAs or with 50 nl of water (control). Osmotic water permeability (P f ) was calculated from osmotic swelling data as described in "Materials and Methods". The P f values are expressed as the mean with ± SE and the number of replicates is indicated above the error bars.
The ZmPIP2-related protein accumulation was also modified diurnally (Fig. 8B) . During a period of 24 h, the curve of ZmPIP2 relative content exhibited two waves with maxima during light period (4 h after light-on) and at the beginning of the night period (sample 18 h). ZmPIP2 protein accumulation also seemed to start before the end of the night. When continuous darkness was imposed (Fig. 8B) , ZmPIP2 proteins abundance rapidly declined (compare 4 h and 28 h or 10 h and 34 h), and this diminution was observed for all extracts. The diminution was more important after 24 h of darkness (compare 4 h, 28 h and 52 h).
ZmPIP protein content and water flux
Correlations between xylem water flow rate or osmotic pressure gradient and ZmPIP1 or ZmPIP2 protein content were assayed. As shown in Fig. 9A , the water flux was positively correlated (P <0.01) with PIP2 protein content in roots and not with PIP1 protein level. No correlation was observed between ZmPIP protein content and osmotic pressure gradient (Fig. 9B) .
Water channel activities of ZmPIP2-1
The water channel activity of ZmPIP2-1 was assayed in Xenopus oocytes (Fig. 10) . The water permeability (P f ) was calculated by measuring the swelling of cRNA-injected oocytes submitted to hypotonic shock. Control oocytes were injected with water. The control has a P f around 1.5 cm s -1 . ZmPIP2-1 cRNA-injected oocytes exhibit a P f value around 17 cm s -1 (Fig. 10) . This value was not significantly different from the P f value of another member of the PIP2 family (ZmPIP2-5 cRNAinjected oocytes, Fig. 10 ).
Discussion
Radial water transfer by cell-to-cell pathway occurs at night and during the day in roots
The aim of this work was to analyse the regulation of radial water transfer by cell-to-cell pathway in maize roots. Then, we have determined on detopped maize, the flux rate of freely exudated sap and the osmotic pressure gradient between xylem and external medium. As applying pneumatic pressure to the roots favored apoplastic water transport and the contribution of the cell-to-cell pathway to water transport might be masked Peterson 1998, Javot and , we have preferred to avoid this approach and used a freely exudation method previously described by Hoarau et al. (1996) .
In the present work we reported a diurnal variation of xylem water flux during a 48-h period in maize plants. During standard conditions (16 h light/8 h dark), the maximal flow was obtained during the light period and the corresponding peak occurred 6 h after light onset (Fig. 1) . At night, the flux reached a second, less important, peak (Fig. 1) . Similarly, the values of Jv (flux versus root area) measured by Carvajal et al. (1996) in exuding root systems from wheat were always greater during the light period than during the dark. It is generally admitted that the contribution of cell-to-cell pathway is high at night when hydrostatic force generated by transpiration is null. However, our results support the idea that this way occurs also during the light period and is even more important than during the night. We can conclude that during the light period, in addition to transpiration, root pressure contributes to root water transport. Thus, cell-to-cell and apoplastic pathways could occur simultaneously.
As xylem water flux increased at the onset of the light and was abolished when maize plants were placed in continuous darkness (Fig. 4) , the role of light as a trigger may be questioned. As the roots were maintained in the dark during all the experiments, it may be inferred that the perception of light signal by the leaves was involved in the regulation water transport in roots.
Relationship between xylem water flux, osmotic pressure gradient and turgor pressure
Basically, as predicted by Darcy law, it must be admitted that, in stationary conditions, water flux (Q) is proportional to the hydraulic conductance (K) and to the gradient of solute concentration between the xylem (C x ) and the external medium (C m ) as predicted by the relation: Q = K Dy; Dy = -Dp = -RT(C x -C m ). C x may interact with Q, leading to a non-linear relation between Q and Dy as previously described by Fiscus (1975) and Dalton et al. (1975) . However, the correlation between Q and Dy must be always positive. In our experiments, osmotic pressure gradient built between medium and sap was negatively correlated to the water flux variations observed during the day-night cycle ( Fig. 2) . Hence, we can conclude that the osmotic pressure gradient between sap and external medium is not a reliable criterion for explaining changes of Q.
We have measured root cortical cell pressure at the moments of the day corresponding to the highest and lowest xylem sap flow (respectively, 6 h after light-on and 1 h before the end of the night period). We observed that low value of water flux corresponded to low value of turgor pressure in the second cortical cell layer and high value of turgor corresponded to high sap flow. In a continuous water regime transfer, a high xylemic sap flow was necessarily compensated by a high uptake of water from the medium. One may speculate that a better water uptake reflects a better hydraulic conductivity of cell membranes at the periphery of the root which consequently increases the turgor in the cells. An underlying question is: are variations in root permeability during the day-night cycle explained by a differential expression of aquaporin genes in maize roots?
Involvement of aquaporins in diurnal variations of xylem water flow
It is generally admitted that water channels are involved in regulation of water transfer across membrane as tonoplast or plasmalemma to maintain homeostasis of the cell. The contribution of PIP and TIP to cellular water permeability was clearly demonstrated by protoplast swelling assay (Kaldenhoff et al. 1998 , Siefritz et al. 2002 . It is tempting to propose that at least some MIP of maize may contribute to radial water transfer in roots.
Maize roots exhibit a large amount of PIP genes expressed in plasma membrane (Chaumont et al. 2001) . We studied the expression of four maize PIP (ZmPIP1-1, 1-5, 2-1 and 2-5) which belong to the PIP1 and PIP2 subgroups and because their expressions were highest in maize roots (Chaumont et al. 2001 ). ZmPIP2-1 and ZmPIP2-5 exhibit a high water transport activity (Fig. 10) . Water transfer activities of ZmPIP1-1 and ZmPIP1-5 are very low (Chaumont et al. 2000 , Gaspar et al. 2003 ) but one cannot exclude that these proteins might transfer water in situ or after post-translational modifications.
Several groups have previously described a difference in amount of MIP mRNA in plants during the day and the night (Henzler et al. 1999 , Sarda et al. 1997 ). The originality of this work is based on a fine analysis of ZmPIP mRNA level in maize roots taking samples every 2 h during 48 h. The Northern analysis of ZmPIP mRNA abundance revealed a diurnal rhythm with a maximum of expression after 4 h of light and a marked decline to a basal level during the end of the light period and the beginning of dark period (Fig. 5A) . We have observed that the amount of transcripts increased a few hours before the light period and that the diurnal rhythm of expression was preserved in continuous darkness. In addition, the oscillation was maintained when the photoperiod length was inverted (8 h light/16 h dark) (data not shown). These results suggested that PIP gene expression (at least for the four genes tested) was regulated diurnally at transcriptional level and this regulation could be controlled by a biological clock. Moshelion et al. (2002) also suggested a circadian regulation involved in PIP gene expression in the motor cells of Samanea saman.
The circadian regulation of aquaporin mRNA levels could not be related to diurnal transpiration-independent water transport pattern. Therefore, we have determined the amount of corresponding proteins in maize roots in normal condition of photoperiod and in continuous darkness when water flow is drastically reduced (Fig. 3) .
To study the diurnal level of water channel proteins, antibodies against PIP proteins were raised. Because of very high homology between amino acid sequences of ZmPIPs in each subgroup (Chaumont et al. 2001) , no totally specific synthetic peptides against each member of the group 1 or 2 could be designed; except for ZmPIP2-7 and PIP1-6 which seemed not to be expressed in root (Chaumont et al. 2001 ). So our antibodies recognize several PIP proteins from the same class (Fig. 6) .
The both antibodies recognized a single band about 30 kDa (Fig. 7) .
After immuno-detection, the quantification of ZmPIP1 and ZmPIP2 polypeptides showed a discrepancy between mRNA and protein fluctuations. This fact is more relevant under conditions of continuous darkness. For example, the amount of ZmPIP2 protein drastically decreased during the 10th and 11th day when plants were maintained in darkness while mRNA levels still exhibited a circadian oscillation (10th day). For ZmPIP1, an huge increase of protein amount was observed during the 10th and 11th day (continuous darkness) compared to the 9th day (standard photoperiod). This was not observed for ZmPIP1-1 and ZmPIP1-5 mRNA levels. The mRNA levels fluctuated but the maximum levels were similar at day 9th and 10th. These results suggested a post-transcriptional regulation of ZmPIP gene expression (see below). However, it is to be noted that PIP1 antibodies may recognize all the members of PIP class 1 (except ZmPIP1-6) and we have established the mRNA profiles for the two major PIP1s expressed in the roots (ZmPIP1-1 and 1-5). Thus, we cannot exclude that the observed increase of ZmPIP1 protein content under continuous darkness corresponded to transcriptional regulation of untested ZmPIP1.
Moreover, ZmPIP1 and ZmPIP2 proteins were differentially expressed in root tissues during the day and the night (Fig. 9) . For example, when PIP2 was expressed at the end of day, PIP1 protein level was low. PIP1 protein amount increased while PIP2 level was drastically diminished by light suppression. These results suggest that PIP1 and PIP2 water channels could play different roles in root cells.
Our results showed that maize root PIP1 protein amount was not correlated to xylem water flow rate and increased when water flux is null (continuous darkness). On other hand, PIP1 protein level was basal during the second peak of xylem water flow which started at the end of light period. Siefritz et al. (2002) demonstrated that absence of NtAQP1 decreased hydraulic conductivity of root suggesting a high contribution of NtAQP1 to water cell permeability. However, anti-PIP1 antibodies recognize multiple PIP1 proteins. We could not exclude that immuno-signal masked the expression of a specific member of PIP1 subgroup which could be correlated to water flux.
By contrast, a positive correlation was observed between PIP2 protein content in maize roots and water flux (Fig. 10A) . Anti-PIP2 antibodies recognize ZmPIP2-1 and ZmPIP2-5 which confer high water permeability to oocytes expressing the corresponding mRNA. A fine analysis of protein accumulation pattern (Fig. 8B ) and water flux curve (Fig. 4) showed that in a standard photoperiod, the high flux obtained during the day corresponded to a large amount of PIP2. The second burst of xylem water flux starting at the end of light period also overlapped with the pattern of PIP2 protein accumulation. Continuous darkness diminished drastically the amount of PIP2 protein and inhibited the water flow through the roots. This result suggested that PIP2 are involved in water transport. It was reported by Javot et al. (2003) that a PIP2-2 knockout mutant of Arabidopsis thaliana exhibited a net decrease of sap flux compared to wild type and an increase of sap osmolality. In maize, when the PIP2 protein level was low at 12 h (Fig. 8B) , water flow was low and osmotic gradient high (Fig. 4) . Because the divergence between PIP2-2 of A. thaliana and ZmPIP class 2 of maize, it is not possible to suggest which member of the class 2 of maize PIP is actually involved in regulation of water flow. We also observed a discrepancy between amplitude of water flux and protein content. Whereas the maximal flux at night (Fig. 4; 18 h ) represented about 40% of maximal day flux ( Fig. 4; 6 h ), the PIP2 protein content was approximately the same. So, we could propose that post-transcriptional regulation of water activity of PIP2 might be involved. Several groups have demonstrated that aquaporins could be regulated by phosphorylation, calcium ions and also pH (Johansson et al. 1998 , Gerbeau et al. 2002 . Finally, we have observed that water flux was induced by light (at the beginning of the light period; Fig.  1, 4 ) while PIP2 protein amount increased before light onset (see point 24 h in Fig. 8B ). This result suggested that water transfer activity of some PIP2 aquaporin could be induced by light-on.
In conclusion, we have shown that root cell-to-cell water pathway may contribute to water transport during the night period and as well as during the light period. We have also shown that proteins from the PIP2 group could be involved in regulation of water transport by the cell-to-cell pathway in maize roots. A reverse genetic approach will be developed in maize to determine the identity of the PIP2 implicated. The regulation of water flux through the maize roots seems to involve light action: a signal related to light induces water flow and may be required to activate water channel at beginning of the day period. In addition to a circadian clock that could regulate the level of PIP mRNA in roots maize, post-translational processes are probably involved in regulation of MIP genes expression.
Materials and Methods
Plant material and growth conditions
Maize (Zea mays L. cv. F7F2 or cv. F2) seeds were germinated at 25°C in the dark on filter paper soaked with nutrient solution (final concentration in mM: KH 2 PO 4 1.65; MgSO 4 1.1; K 2 SO 4 0.55; KCl 1.99; NaCl 0.16; CaCl 2 0.94, KOH 0.05; DPTAFe 0.01; supplemented with microelements). Three-day-old seedlings were transferred into hydroponic culture container filled with aerated nutrient solution supplemented with 13 mM KNO 3 . The culture medium was changed with fresh medium after 3 d (6th day). The last medium change occurred 16 hours before the beginning of all experiments. Roots were maintained in the dark during all culture period. Plants were grown under controlled environmental conditions with day/night temperature of 27°C/23°C and day/night relative humidity of 65%/90%. During the light period, the plants were illuminated with cool-white fluorescent lamps giving 250 mmol photon m -2 s -1 at the leaf level. The photoperiod was 16 h light/8 h dark (standard conditions). Continuous darkness was applied after the dark period of the 9th day. At the beginning of all experiments, plants were 8 d old and roots were harvested every 2 h the 9th, 10th and eventually the 11th day.
For cDNA cloning experiments, maize plant cv F2 were grown in the standard conditions i.e. 16 h light/8 h night photoperiod and roots are harvested at midday of the tenth day.
Xylem sap collection and flux determination
Every 2 h, three sets of three plants were freshly detopped approx. 10 mm above the root and xylem sap, which freely exuded was collected in tarred Eppendorf tubes for 45 min using a capillary glass pipette. The first droplet was removed to avoid contamination from cut cells. After collection, tubes were weighed and stored at 4°C. Roots of each set were harvested for fresh weight (FW) determination and stored at -80°C for further analyses. The sap exudation flux (Q) was expressed as a rate in ml h -1 mg root FW -1 and is the mean of three replicates.
Osmotic pressure gradient determination
Osmolality of xylem sap samples and medium was determined by freezing point depression using a Roebling cryo-osmometer. During the experiments, medium temperature was measured for each sampling time to allow us to calculate osmotic pressure of medium and sap. We assumed that sap temperature is the same than that of the medium. The values of osmotic pressure gradient (Dp) between medium and the root xylem were calculated using:
where C m and C e are the osmolality of the medium and of the exudates, respectively and T is the absolute temperature of the medium.
Cell turgor pressure measurements with pressure probe
The cell turgor measurements were carried out with a pressure probe already described (Gaspar et al. 2001) . Three plants were harvested at three time points during the standard culture cycle: at the middle of the light period of day 9 and 10 and at the end of dark period of the 9th day. A distal piece of root (length 4 cm) was used and the pressure determinations were repeated five times. The five values obtained were averaged giving one mean value of turgor for one plant. Statistics were determined on one set of three plants.
ZmPIP1-1, ZmPIP2-1 and ZmPIP2-5 cDNAs cloning
For isolation of cDNAs from maize cv. F2 homologous to ZmPIP1-1, ZmPIP2-1 and ZmPIP2-5 cDNA (Chaumont et al. 2001) , RT-PCR method was used. Briefly, first strand cDNA was synthesized from 5 mg of total RNA isolated from roots, using Superscript II Reverse Transcriptase (Life Technologies, Rockville, MD, U.S.A.) with an adapter primer (5¢-GGCCACGCGTCGACTAGTAC(T) 17 -3¢. This cDNA served as template to amplify by PCR the target cDNA. This PCR was performed using oligonucleotides specific of ZmPIP1-1, ZmPIP2-1 and ZmPIP2-5 sequences corresponding to 5¢ region containing ATG start-codon (primer sequences are described in Table 1 ) and 5¢-GGCCACGCGTCGACTAGTAC-3¢ primer corresponding partially to the adapter primer. The PCR products were then cloned into the T/A cloning vector pCR2.1-TOPO (Invitrogen Corporation, Carlsbad, CA, U.S.A.) to give the following plasmids: pPIP1-1, pPIP2-1 and pPIP2-5. These clones were analyzed by DNA sequencing and sequence information from these fragments was used to construct specific probes (see above). The accession numbers of the resulting PIP cDNAs are indicated in Table 1 . 
Subcloning the 3¢ un-translated regions (UTR) of
cDNAs from F2 maize cultivar
Specific DNA probes corresponding to 3¢-UTR sequences of ZmPIP1-1, ZmPIP2-1 and ZmPIP2-5 were obtained by PCR using primers specific of 3¢-UTR sequences (see Table 1 ) and as template pPIP1-1, pPIP2-1 and pPIP2-5, respectively.
ZmPIP1-5 (accession number AJ271796) was previously isolated by M. Gaspar in our laboratory (Gaspar et al. 2003) . The specific 3¢-untranslated sequences of ZmPIP1-5b was amplified using the following primers: 5¢-TACCAACAGCAACCCAAAAT-3¢ and 5¢-ACT-TCACCGTAGCAAAACCC-3¢.
Subcloning open reading frame of ZmPIP2-1 and ZmPIP2-5 cDNAs
To study the transport activity of ZmPIP2-1 and ZmPIP2-5 proteins, the open reading frames of the corresponding cDNA were produced by PCR from pPIP2-1, and pPIP2-5 plasmids, using the primers in which a BamHI site was added in 5¢ ends (see Table 1 ). The resulting PCR fragments were subcloned into the BglII sites of pXbG-ev1 vector (Preston et al. 1992) .
RNA isolation and analysis
Total RNA was extracted from the frozen maize roots powder using Trizol reagent (Life Technologies, Rockville, MD, U.S.A.) according to the manufacturer's instructions. Ten mg of RNA samples were separated on formaldehyde agarose gel electrophoresis (1.2% [w/v] agarose) and capillary-transferred to a nylon membrane (positive TM membrane; Q.BIOgene, France) (Fourney et al. 1988) . Prehybridization of RNA blots was accomplished using the prehybridization buffer (0.5 M sodium phosphate pH 7.2, 5% SDS and 10 mM EDTA) (Church and Gilbert 1984) at 65°C for 2 h. Randomly [a-32 P]dCTPlabeled DNA corresponding to the 3¢ UTR sequences of ZmPIP was added to the prehybridization buffer and hybridization was carried out at 65°C overnight. Membranes were washed twice in 1´ SSC and 2% SDS at 65°C for 30 min followed by two washes of 0.1´ SSC and 0.1% SDS for 30 min at 65°C and exposed to X-ray films.
An equal amount of RNA loading was systematically assessed by probing each blot with the XbaI fragment (0.4 kb) of 18S ribosomic RNA of Digitaria sanguinalis as constitutively expressed gene. The hybridized signals were quantified by densitometry using NIH Image freeware and standardized to a constant amount using the 18S mRNA hybridization signal. Then, the relative amounts of ZmPIP1-2, ZmPIP1-5, ZmPIP2-1 and ZmPIP2-5 were calculated giving the value of 1 to the first sample.
Protein isolation and analysis
Total proteins were extracted from frozen roots using the phenol partition method as described by Lopez et al. (1994) . Equal amount of proteins were separated on 10% (w/v) polyacrylamide gels and electrotransferred to nitrocellulose membrane (Hybond-C Extra, Amersham Biosciences Corp., Buckinghamshire, U.K.) for immunoblot analysis.
Polyclonal anti-ZmPIP1 and anti-ZmPIP2 antibodies were raised against a synthetic peptide corresponding to N-terminal sequence of PIP1 (NH 2 -CGKEEDVRLGANKFSE-COOH) and a synthetic peptide corresponding to internal protein sequence of PIP2 (NH 2 -TDASASGP-DAACGGV-COOH) respectively. The peptides were cross-linked to KLH and used to immunize rabbits (Sigma-Genosys Ltd, Cambridge, U.K.).
Immune but no pre-immune serum cross-reacted with the conjugated peptide antigen upon immunoblot analysis (data not presented).
Protein-transferred membranes were blocked with 0.3% casein in TBS for 2 h. Blots were incubated with anti-PIP1 or anti-PIP2 polyclonal antibodies at 1 : 5,000 dilution, for overnight at 4°C. Horseradish peroxidase conjugated goat anti-rabbit (Sigma-Aldrich, St. Louis, U.S.A.) was used as the secondary antibody at 1 : 30,000 dilution for 1 h at room temperature and detected using the enhanced chemiluminescence system (SuperSignal West Dura extended Trial Kit, Pierce, Rockford, U.S.A.) following the manufacturer's recommendations. Membranes were exposed to an X-ray film.
For analysis of protein by dot blotting, 5 mg of proteins from each sample were spotted onto nitrocellulose membrane and immunodetection was performed as mentioned above. Immuno-reacted signals were photographed with a numeric camera and spots were quantified using the NIH Image freeware.
Osmotic water transport assays in Xenopus oocytes
Capped cRNAs were synthesized from pXbG-ev1 plasmids linearized with XbaI by means of the mCAP RNA capping kit (Stratagene, La Jolla, CA, U.S.A.). Stage VI Xenopus oocytes were defolliculated and incubated for 1 d at 19°C in Barth's solution at 200 mOsm kg -1 H 2 O (88 mM NaCl, 1 mM KCl, 0.41 mM CaCl 2 , 2.4 mM NaHCO 3 , 10 mM HEPES, 0.33 mM Ca(NO 3 ) 2 , 0.82 mM MgSO 4 ; pH 7.4) containing 50 mg ml -1 gentamycin. Then, oocytes were microinjected with 50 ng of cRNA or with 50 nl of water for the controls. Three days after injection, osmotic water permeability (P f ) was determined after transferring each oocyte in diluted Barth's solution (40 mOsm kg -1 H 2 O). Changes in oocyte volume were monitored with a video microscope system by taking photographs at 15-s intervals. The osmotic permea- Accession number: AY243800 Corresponding to ATG 5¢-GGCATGGAGGGGAAGGAG-3¢ 3¢ UTR subcloning 5¢-GAATTGCACATAACAGAGGC-3¢ and 5¢-ATCCCGTTCAAGAGTAGGTC-3¢ ZmPIP2-1 Accession number: AY243801 Corresponding to ATG 5¢-GATGGGCAAGGACGACGTGAT-3¢ ORF subcloning 5¢-AGGGATCCATCCGCGTTGCTCCTGAAG-3¢ and 5¢-TAGGATCCGATGGGCAAGGACGACGT-GAT-3¢ 3¢ UTR subcloning 5¢-CTTCAGGAGCAACGCGTGA-3¢ and 5¢-GACCATAAGAGCAGAGCGGA-3¢ ZmPIP2-5
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